Pure CdSe and Mg-doped CdSe nanocrystal quantum dots were synthesized into the zinc-blende structure at a low temperature by the inverse micelle technique using paraffin oil and oleic acid as surface capping agents. The ripening behavior of the nanocrystals was monitored using the red shift in ultraviolet (UV)-visible light absorption peaks, and their size variation was estimated using the so-called, quantum confinement theory. The Lifshitz-Slyozov-Wagner (LSW) kinetics analyses were performed based on the variation in size according to the ripening temperature and time period. The activation energy (Q) and reaction rate constant (K o ) were determined for the ripening reaction using Arrhenius-type plots. The kinetics analyses reveal that the volume diffusion through the liquid-phase solution is the governing mechanism for the ripening of both nanocrystals. The Mg-doped CdSe nanocrystals showed enhanced ripening kinetics due to the low activation energy for the volume diffusion.
I. INTRODUCTION
Colloidal semiconductor nanocrystal quantum dots have attracted a great deal of interest because of their size-tunable photoemission characteristics, which originate from the quantum confinement effect of both the electrons and holes in all three dimensions, leading to an increase in the effective energy band gaps of the nanocrystals. [1] [2] [3] [4] Among the colloidal semiconductor nanocrystals, CdSe has shown almost full-range visible light emission within a reasonable size range, and thus it has been intensively studied for applications in lightemitting diodes, lasers, and biological labels. [5] [6] [7] [8] [9] In addition to the size variation, doping of impurities such as Mn and Mg is another simple way to control the light emission wavelength, 10, 11 since MnSe (3.4 eV) and MgSe (3.60 eV) have higher-energy band gaps compared with CdSe (1.74 eV). 12, 13 Recently, Norris and coworkers 14 have proposed that impurity incorporation into II-VI semiconductors is possible only when they are in the zinc-blende structure that possesses (001) facets with very high binding energy. It has been shown that at the initial nucleation and growth stage, the size of nanocrystals is primarily determined by the precursor concentration, capping ligand and precursor anion types, and temperature. 15, 16 However, after nucleation and growth, ripening dominates between the nanoparticles. The final size of nanocrystals is thus determined by the temperature and the time period of ripening, and so is the color of the emitting light. 17, 18 Thus, the precise control of ripening is a critical issue not only for the applications of CdSe, but also for those of doped CdSe nanocrystals. Although the ripening mechanism of doped nanocrystals must be different from that of pure nanocrystals, to date there has been no report for the ripening mechanism of the doped nanocrystals. In this study, we report the ripening mechanism of Mg-doped CdSe nanocrystals in the zinc-blende structure, based on ripening kinetics study, and the result was compared with that of pure CdSe nanocrystals.
II. EXPERIMENTAL
Cadmium oxide (99.99%), selenium shot (99.999%), and magnesium acetate (98%) (Aldrich Chemical, Milwaukee, WI) were used as precursors for the synthesis of Mg-doped CdSe nanocrystals. Paraffin oil and oleic acid (Aldrich Chemical) were used as a solvent and a surfactant, respectively. Most details of the synthesis were similar to the CdSe nanocrystal preparation previously reported in the literature. 11 In this study, CdO and Mg acetate were added into a mixture of paraffin oil and oleic acid (45:5) by 5 and 1 mM, respectively, in a three-neck flask. The solution was heated to 160°C under Ar flow and then distilled in vacuum to remove the remaining acetone. The Se metal was dissolved in paraffin oil by 2 mM at 220°C, and the 20 mL Mg-Cd solution was rapidly injected into the Se-paraffin oil solution, which allowed fast nucleation and slow growth of the Mgdoped CdSe nanocrystals. The nanocrystals were cleaned using five-time centrifugation and washing in methanol to eliminate unreacted chemicals, and then they were well dispersed in hexane solution. The solution containing the nanocrystals was heated at 220, 230, 240, and 250°C for 15, 30, 60, 120, 180, and 240 min, respectively, for the ripening kinetics study. Powder x-ray diffraction (XRD; Ultima-2000, Rigaku, Tokyo, Japan) and high-resolution transmission electron microscopy (HRTEM; JEM 4010, JEOL, Tokyo, Japan) were performed to investigate the crystallinity and morphological features of the nanocrystals. The as-prepared nanocrystals dispersed in chloroform by sonication were analyzed for energy band-gap characteristics using ultraviolet (UV)-visible spectrometry (JASCO V530 UV-Visible Spectrophotometer, JASCO, Inc., Tokyo, Japan), and the results were used for the size estimation. The Mg concentration in doped nanocrystals was identified by energy dispersive x-ray spectroscopy (EDS; INCA, Oxford Instruments, Oxon, UK) and inductively coupled plasma (ICP; Optima 2000 DV, Perkin-Elmer, Boston, MA) analyses, respectively.
III. RESULTS AND DISCUSSION
The EDS and ICP analysis on the Mg-doped nanocrystals show that the CdSe nanocrystals allow 9.6 and 9.8 at.% Mg doping, respectively, which is in good agreement with the targeted Mg doping of 10 at.%. The powder XRD analyses on the as-prepared CdSe and Mgdoped CdSe nanocrystals reveal the formation of CdSe nanocrystals with the zinc-blende structure with a trace of wurtzite (103) peak at around 45°, as shown in Fig. 1 . The full width at half-maximum (FWHM) values of the as-prepared CdSe and Mg-doped CdSe showed almost identical values, indicating nanocrystals of almost the same size. The XRD peak shift by the Mg doping was not detected, possibly due to the occupying interstitial sites of CdSe lattices. CdSe, as the zinc-blende crystal, possesses a total of eight tetrahedral sites, among which four are filled by Cd 2+ ions (0.78 Å). Relatively small Mg ions (0.57 Å) can fill the empty four tetrahedral sites instead of filling substitutional sites of Cd 2+ . This interstitial site filling could not affect the lattice parameter of the zinc-blende CdSe crystals. The crystallinity was very high with negligible content of amorphous phase, and the broad diffraction peaks originate from the overlapping of multiple peaks and their fine particle size.
The presence of the zinc-blende structure in the nanocrystals is most probably due to their low synthesis temperature (220°C) and the complicated structure of the surfactant. 19 It has been known that zinc-blende CdSe is a thermodynamically metastable and kinetically favorable phase at a low-temperature regime. Also, the complexity in the molecular structure of Cd-oleate monomers could prevent the growth of the nanocrystals into wurtzite structure by hindering the free access of the Se monomers. This interruption by surfactants can induce the growth of the nanocrystals into the zinc-blende structure along the {001} planes having the highest binding energy. In spite of this oriented attachment of Cd-and Mg-oleates, the particles can still maintain a spherical shape due not only to the Ostwald ripening, but also to the redeposit of ions from (001) to the other facets to make an equilibrium spherical shape. 20 XRD patterns on the CdSe and Mg-doped CdSe nanocrystals ripened at 230°C for 240 min indicate that they are almost phase pure zinc blende without the trace of wurtzite (103), as shown in Fig. 1(b) . They also reveal the decrease in the FWHM values compared with the as-prepared ones, indicating the particle size increase, as well as the increase in crystallinity. Also, the Mg-doped CdSe showed smaller FWHM compared with the CdSe, implying that the former ones showed higher ripening kinetics than the latter ones.
HRTEM analyses also reveal that the as-prepared CdSe and Mg-doped nanocrystals are about the same size, 5 to 6 nm, which is in good agreement with the XRD FWHM data, and they are in the highly crystalline zinc-blende structure except for a few nanocrystals that have a low degree of stacking faults, as indicated as a circle in Fig. 2(b) . The Mg-doped CdSe nanocrystals showed fast ripening compared with the pure CdSe nanocrystals, as shown in Fig. 2 . Both the ripened CdSe and Mg-doped CdSe nanocrystals showed high crystallinity with the zinc-blende structure. The UV-visible spectrometry peak shifts in the nanocrystals ripened at 230°C are shown in Fig. 3 . The as-prepared Mg-doped CdSe showed apparent photoluminescence (PL) blue shift compared with the CdSe, providing evidence of real Mg doping in CdSe. The peak shifts were used to estimate the variation in the energy band gap of the CdSe and Mg-doped CdSe nanocrystals, respectively, which is finally used for the estimation of the size variation, based on the so-called quantum confinement theory.
Here, E g (dot) is the energy band gap of a nanocrystal quantum dot, E g (bulk) is the energy band gap of a bulk semiconductor, h is the Planck constant, m* is the reduced mass of exciton, m e is the effective mass of an electron, m h is the effective mass of a hole, d is the diameter of a nanocrystal, e is the electron charge, ⑀ is the relative dielectric constant, and ⑀ o is the space dielectric constant. By substituting the average particle size (d) from HRTEM analyses and the E g (dot) from the UVvisible spectrometry into Eq. (1) The size variation was used to the following LifshitzSlyozov-Wagner (LSW) kinetics equation, [22] [23] [24] [25] and the LSW plots were created as shown in Fig. 4 .
Here, r o is the averaged initial size of the original nanocrystals before ripening occurs, r is the average size of the nanocrystals after ripening occurs, K is the ripening rate coefficient, and t is the ripening time. The ripening rate coefficient, K, was derived as
Here, ␥ is the interfacial energy, D is the diffusion coefficient, V m is the molar volume, C ϱ is the equilibrium concentration at a flat surface, R is the gas constant, and T is the temperature. The Mg-doped CdSe nanocrystals show higher ripening kinetics than the pure CdSe nanocrystals. From the slopes of each curve, the ripening rate coefficient, K, was determined according to temperature and used for kinetics analysis. As the ripening reaction coefficient contains the diffusion coefficient term (D), Eq. (4) can be rewritten as the following Arrheniustype equation:
Here, K o is a constant and Q is the activation energy for ripening. By plugging the K values, obtained from LSW plots in Fig. 4 , into Eq. (5), Arrhenius plots were obtained as shown in Fig. 5 . From the slope and the yintercept of each curve, the activation energy for ripening (Q) and the constant values (K o ) were determined, respectively, and are listed in Table I for comparison. The dissociation of Cd-Se bonds requires ∼310 kJ/mol for the lattice diffusion of Cd 2+ and Se 2− , while that of Mg-Se requires ∼252 kJ/mol. 26, 27 The reason for the very low activation energy for the ripening both in the Mg-doped CdSe (∼97 kJ/mol) and pure CdSe (∼121 kJ/mol), compared with that of the lattice diffusion lies in that the volume diffusion through the liquid-phase solution could be a dominating mechanism for the ripening reaction in both nanocrystals. The volume diffusion through the liquid-phase solution is much easier than the lattice diffusion through the solid-phase CdSe lattices. Also, due to the smaller size of Mg ions, the activation energy for the ripening of Mg-doped Se nanocrystals could be lower than that of the pure CdSe.
By substituting the Arrhenius equation, the coarsening kinetics can be rewritten as
By plugging the kinetics data listed in Table I into Eq. (6), one can complete the ripening kinetics equation for the pure CdSe and Mg-doped nanocrystals, respectively, and can estimate the size (r) of nanocrystals at a certain temperature and time period.
IV. CONCLUSION
Pure CdSe and Mg-doped CdSe nanocrystals with the zinc-blende structure were successfully synthesized using the inverse micelle technique. The successful Mg doping in the CdSe lattices was evidenced by both the ICP chemical analysis and energy band gap measurement. Activation energy for ripening of both the CdSe (∼97 kJ/mol) and Mg-doped CdSe (∼121 kJ/mol) nanocrystals shows very low values compared with the lattice dissociation energy (∼252 and ∼310 kJ/mol), which indicate that the volume diffusion through the liquid-phase solution is the governing mechanism for the ripening reaction. Mg-doped CdSe nanocrystals show relatively low activation energy for the ripening, probably because of the small size of Mg ions, and thus high ripening kinetics, compared with pure CdSe. By determining the kinetics variables from the Arrhenius-type analysis, the ripening kinetics equation could be completed for the pure CdSe and Mg-doped nanocrystals, respectively. 
